I. INTRODUCTION
Intermetallic compounds based on rare-earth ͑R͒ and 3d transition-metal elements ͑T͒ form a large family of materials that are important both from the technological and fundamental points of view. 1 In the past few decades, many investigations have been carried out on R 2 T 17 compounds with the main aims being to understand and improve their magnetic properties with possible practical applications as high-energy-product magnets in mind.
1 R 2 T 17 compounds ͑T=Fe or Co͒ crystallize either in the rhombohedral structure ͑R-3m space group, Th 2 Zn 17 -like with a single R site 6c and four different T sites 6c, 9d, 18f, and 18h͒ for light rare earths or in the hexagonal structure for heavy rare earths ͓P6͑3͒ / mmc space group, Th 2 Ni 17 -like with two R sites 2b and 2d and four T sites 4f, 6g, 12j, and 12k͔. The change of structure usually occurs at R = Gd and results from the lanthanide contraction.
1 Both hexagonal and rhombohedral structures can be derived from the CaCu 5 -type structure by the ordered substitution of one-third of rare-earth atoms by a pair ͑dumbbell͒ of T atoms. 1 The magnetic properties of R 2 Fe 17 -and R 2 Co 17 -based solid solutions can be modified by partially substituting Fe or Co with other magnetic or nonmagnetic elements, such as Al, [2] [3] [4] Ga, [5] [6] [7] [8] Si, 6, 9, 10 or Mn. 4, [11] [12] [13] [14] [15] [16] [17] [18] Due to the existence of competing ferromagnetic and antiferromagnetic interactions within the same sublattice of the 3d metal atoms in the R 2 Fe 17 -based compounds, the substitution of a third element for Fe in R 2 Fe 17 has a significant influence on the Curie temperature T C and other related magnetic properties. 3, 5, 6, 8, 17 On the other hand, due to the presence of such "dumbbell" sites ͑6c in Th 2 Zn 17 -type structure or 4f in Th 2 Ni 17 -type structure͒ in the corresponding R 2 Co 17 compounds, 2 the different influence on structural and magnetic properties resulting from the introduction of T atoms should be expected in R 2 Co 17−x T x compounds. 2, 15, 18 In fact, it was found that the compositional dependence of lattice parameters in R 2 Fe 17−x Mn x compounds 11,13,14,17 exhibits a behavior different from that found in R 2 Co 17−x Mn x ͑Refs. 15 and 18͒ for a small amount of Mn substitution. Because Mn atoms preferentially occupy the dumbbell pair sites which have the largest Wigner-Seitz cell ͑WSC͒ volume, some authors ascribed the unexpected composition dependence of lattice volume with Mn content in R 2 Fe 17−x Mn x compounds to this preferential occupation of Mn atoms, 12, 15 while other authors thought that the magnetovolume effect should be responsible for this anomaly. 4, 13, 17 Here, we investigate the effects of replacing Fe by Mn on the volume and magnetic properties of Dy 2 Fe 17−x Mn x ͑lattice parameters, magnetization, and exchange interactions͒ and show that magnetovolume effects are the major reason for this anomalous composition dependence of the lattice parameters with Mn content.
II. EXPERIMENT
Dy 2 Fe 17−x Mn x alloys with x = 0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 were prepared by arc-melting of 99.9% purity materials in argon atmosphere. The ingots were annealed in argon atmosphere at 1273 K for 24 h, followed by quenching in water. A small amount ͑less than 3%͒ of Mn was added to compensate for the loss of Mn during arc-melting and the subsequent annealing processes. X-ray diffraction with Cu K␣ radiation was employed to check if the samples were single phase and to determine the lattice parameters. Thermal-expansion measurements were performed using a "push-rod" linear differential transformer method in the temperature range 100-650 K. 17 The temperature dependences of the magnetization M͑T͒ were measured in an applied magnetic field of 0.05 T in a superconducting quantum interference device from 5 to 350 K on fixed powder samples. The Curie temperatures T C for Dy 2 Fe 17−x Mn x samples with x = 2.0, 3.0, 4.0, 5.0 ͑T C below 350 K͒ were derived from M 2 -T plots by extrapolating M 2 to zero, while the T C values for samples with x = 0, 0.5, 1.0 ͑T C above 350 K͒ were determined from the minimum of the coefficient of linear thermal expansion ͑data summarized in Table I͒. Magnetization measurements in fields up to 38 T at 4.2 K were performed in the High Magnetic Field Installation at the University of Amsterdam. 6, 8 The high-field measurements were done on powder samples consisting of particles of about 30 m size, which are sufficiently small to regard them as monocrystalline. 19 During the high-field magnetization measurements, the particles are free to rotate in the sample holder, so that they can orient their magnetic moments parallel to the applied field. 6, [19] [20] [21] This procedure enables us to accurately evaluate the R-T exchange interaction in the ferrimagnetic R-T compounds as the ferrimagnetic structure may be destroyed and a steep increase in the magnetization appears if the external field is high enough. 19 The exchange interaction constants can then be determined in a straightforward manner as discussed in Sec. III B.
57 Fe Mössbauer spectra were obtained for the Dy 2 Fe 16 Mn and Dy 2 Fe 14 Mn 3 compounds between 4.5 and 298 K using a standard constant-acceleration spectrometer and a 57 CoRh source. The spectrometer was calibrated at room temperature with an ␣-iron foil.
III. RESULTS AND DISCUSSION

A. Structural properties
Thermomagnetic and x-ray powder diffraction analyses indicate that all of the Dy 2 Fe 17−x Mn x samples investigated are single phase. As shown in Fig. 1͑a͒ , the x-ray powder diffraction patterns reveal that samples with x Ͻ 3.0 crystallize in the Th 2 Ni 17 -type structure, while for samples with x ജ 3.0 a coexistence of the Th 2 Ni 17 and Th 2 Zn 17 structures occurs ͓representative x-ray-diffraction patterns are shown for x = 0.0, 0.5, 1.0, and 3.0 in Fig. 1͑a͔͒ . A similar situation occurs in R 2 Fe 17−x M x with M = Al, Ga, and Si where the Th 2 Ni 17 structure becomes unstable with increasing M content. 3, [8] [9] [10] The lattice parameters a and c ͑determined using the standard pattern matching method of the FULLPROF program 22 ͒ and the unit-cell volume V for the Dy 2 Fe 17−x Mn x samples at room temperature are shown in Fig. 1͑b͒ . In order to compare the c values of the hexagonal structures with those corresponding to the rhombohedral structures ͓a * and c * in Fig.  1͑b͒ represent the lattice parameters for the rhombohedral structure͔, the latter are multiplied by 2 / 3. In comparison with R 2 Fe 17−x M x ͑M=Al,Ga,Si͒ ͑Refs. 3 and 8-10͒-for which the unit-cell volumes change monotonically with M content ͓increase for Al or Ga, 3, 8 decrease for Si ͑radius = 1.17 Å͒ 9,10 - Fig. 1͑b͒ reveals that the replacement of Mn for Fe in Dy 2 Fe 17−x Mn x leads initially to a slight maximum around x = 0.5 before giving way to a monotonic increase in the unit-cell volume for x ജ 2. Given that Mn atoms ͑radius = 1.35 Å͒-such as Al ͑1.43 Å͒ and Ga ͑1.41 Å͒-are larger than Fe atoms ͑1.26 Å͒, this behavior in the composition dependence of the lattice parameters is unexpected. It has been reported that Al or Ga atoms preferentially occupy the 18h /12k and 18f /12j sites at low Al concentration, 3, 7 while the 6c /4f sites that have the largest Wigner-Seitz cell volumes are preferentially occupied by Mn atoms for small amounts of Mn substitution. 7, 11, 12 The nonmonotonic compositional dependence of the unit-cell volume in R 2 Fe 17−x Mn x has been ascribed to different Mn site occupancy factors depending on the Mn content. However, it has also been reported that Mn atoms have a similar preferential occupancy for 6c /4f sites in R 2 Co 17−x Mn x ͑Refs. 23 and 24͒ and R 2 Fe 17−x Mn x ͑Refs. 11, 12, and 16͒. Therefore, the compositional dependences of the lattice parameters as shown in Fig. 1͑b͔͒ . In order to clarify this nonmonotonic behavior, we have measured the linear thermal expansion ͑LTE͒ on the Dy 2 Fe 17−x Mn x compounds with T C close to or above room temperature using the push-rod method. 17, 25 The measurements were performed up to very high temperature ͑far above T C ͒ in order to obtain the nonmagnetic contribution. In Fig. 2͑a͒ , we show the temperature dependence of the ⌬l / l͑T͒ and the LTE coefficient, ␣͑T͒ = l −1 ͑⌬l / ⌬T͒. 25 It can be seen that the ⌬l / l͑T͒ tends toward a linear behavior at high temperatures and both the ⌬l / l͑T͒ and ␣͑T͒ exhibit a clear invarlike anomaly around the Curie temperature. 17 The magnetic contribution to the thermal expansion, ͓⌬l / l͑T͔͒ m , which gives rise to the invar behavior can be obtained by comparing the experimental results with the lattice thermal contribution, ͓⌬l / l͑T͔͒ latt . This contribution can be calculated through the Grüneisen relation: ␣ nm ͑T͒ = ␥C v ͑T͒ / 3, where ␣ nm is the phonon anharmonic LTE coefficient, the isothermal compressibility, ␥ the Grüneisen parameter, and C v the specific heat. We have calculated ͑⌬l / l͒ latt , with a Debye temperature D = 450 K as used previously. 17, 25 ͓⌬l / l͑T͔͒ latt has been fitted to the experimental results in the paramagnetic regime; this leads to the overall temperature dependence of ͓⌬l / l͑T͔͒ latt for each sample as shown by the dashed lines in Fig. 2͑a͒ . The anomalous magnetostriction ͓⌬l / l͑T͔͒ m can be determined on subtraction of ͓⌬l / l͑T͔͒ latt from the total experimental ⌬l / l͑T͒ ͑Ref. It can also be seen that even in the paramagnetic phase, a considerable value of spontaneous magnetostriction is obtained, indicating the existence of strong short-range magnetic correlations above T C . 17, 25 The nonmonotonic behavior of the unit-cell volume for x ഛ 2 noted above can therefore be understood by considering the magnetovolume effect in compounds for which the Curie temperature T C is above or close to room temperature. Table I , good agreement was obtained between the T C values derived by the two methods-linear thermal expansion ͓Fig. 2͑a͔͒ and magnetization measurements ͓Fig. 3͑c͔͒-for the two samples ͑x = 2.0, 3.0͒ which overlap the temperature regions available for the different sets of apparatus. field cooling ͑ZFC͒. Figure 3͑b͒ also shows comparisons of the temperature dependences of the magnetization of compounds with x = 1.0, 2.0, and 3.0 after field cooling ͑FC͒ processes in a field of 0.05 T. A clear irreversibility appears at the freezing temperature T f which can be ascribed to a pronounced magnetohistory effect. 17, [26] [27] [28] The T cr and T f values are listed in Table I .
Magnetic hysteresis loop measurements provide a useful and effective tool for studying magnetic domain motion. 26, 27 The initial magnetization curve for a small bulk sample of Dy 2 Fe 14 Mn 3 at 5 K along with hysteresis loops at 5, 30, and 50 K are shown in Fig. 4 . A large magnetic hysteresis is observed at 5 K with a coercive field of H C = 0.63 T. This large magnetic hysteresis at low temperature is comparable to the cases of Pr 2 Fe 17−x Mn x , 28 RCo 5−x Ni x with R = Y and La, 29 SmNi 4 B, 30 and RNi 2 Mn. 27 With increasing temperature, the coercivity of the bulk sample decreases quickly ͑in-set in Fig. 4͒ as a result of the increasing thermal energy. 28 The spontaneous magnetization M s at 5 K has been derived from Arrot plots of M 2 versus H / M for the free Dy 2 Fe 17−x Mn x powder samples. As shown by the graph of M s ͑5 K͒ versus Mn content in Fig. 5 , the spontaneous magnetization M s first decreases in an approximately linear manner to a minimum at about x ϳ 4 before increasing with further increase in the Mn content. The appearance of this minimum in the compositional dependence of M s can be explained in terms of a compensation concentration originating from the ferrimagnetic coupling between the Dy and the 3d-sublattice magnetizations. 6, 18, 21 In R-T intermetallic compounds, it is well established that the indirect exchange interaction between the 3d spins of the T elements and the 4f spins of the R elements exhibits ferromagnetic coupling for light R elements ͑less than half-full 4f shell͒, and antiferromagnetic or ferrimagnetic coupling for heavy R elements ͑more than half-full 4f shell͒. [31] [32] [33] [34] In agreement with these well established effects, Dy 2 Fe 17−x T x and Dy 2 Co 17−x T x compounds exhibit ferrimagnetism. 6, 18, 32, 33 The transition-metal sublattice magnetization M T can be obtained from the measured M s by subtracting the rare-earth sublattice magnetization. We consider that the rare-earth sublattice magnetization is the same for all the compounds and has the same value as the free ion magnetic moment. The results of this calculation for M T are shown in Fig. 5͑a͒ 15 It is accepted that the large spatial extent of the 3d wave functions leads to 3d electron energy bands rather than to a 3d level. Because the modification in the difference between the spin-up and spin-down states due to the substitution of Mn for Fe or Co reflects the saturation magnetization, the different changes of magnetization in R 2 37 where Mn substitution for Fe or Co leads to a rapid decrease of T C with the increase in the Mn content. In general, we can consider that T C is determined by the strengths of the exchange interactions and by the 3d-sublattice magnetization M T . Among the three types of exchange interactions present in R-T intermetallics ͑T-T, R-T, and R-R͒, the T-T interactions are the strongest and the R-R interactions the weakest. The T-T interaction is sensitive to the distance between T-T atoms and represented by the exchange interaction constant, J TT . According to the molecular-field approximation, if we consider only the T-T interaction, the relation between T C , the T-T interaction, and the 3d-sublattice magnetization M T can be written as
Here, S T is the so-called pseudospin, which is related to the 3d-sublattice magnetization: 1
In Dy 2 Fe 17−x Mn x compounds with x Ͼ 2, the decrease of T C with further increase in Mn content can be considered as a result of the decrease of the 3d-sublattice magnetization. In the case of x ഛ 2, the essentially invariant nature of T C ͓Fig. 5͑b͔͒ can be due to the competition between the variation of the strength of the T-T interaction and the variation of M T with Mn content. This behavior can be related to the preferential occupation of the 6c /4f Fe sites by the Mn in this doping range which leads to an enhancement of the T-T interaction, as previously reported in the case of the Nd 2 Fe 17−x Mn x compounds. studied the high-field magnetization behavior of free powder ͑HFFP͒ samples of the heavy R-T compounds. Assuming that the 3d sublattice anisotropy is zero, and also that the sample is free to rotate in the sample holder, it was found that for applied magnetic field values in the interval B 1crit magnetic-field dependence of the magnetization passes through the origin of the magnetization isotherm. So, by means of HFFP magnetization measurements, the values of n RT can be derived in a relatively straightforward manner. Since the Fe-sublattice moment is larger than the R-sublattice moment in Dy 2 Fe 17 , the substitution of Mn for Fe leads to a decrease of the difference between the moments of the Dy and T sublattices and at a certain composition, B 1crit can be reached. Figure 6 shows that for Dy 2 Fe 12 Mn 5 the magnetization is approximately constant for B Ͻ B 1crit ϳ 25 T, but for B Ͼ B 1crit the magnetization increases nearly linearly with increasing applied field. From the slope of the linear regions of the magnetization curves shown in Fig. 6 , the values of n RT were determined to be 3.61, 3.91, and 3.96 T f.u./ B for Dy 2 Fe 17−x Mn x samples with Mn contents x = 3, 4, and 5 respectively ͑Table I͒.
If we consider only nearest-neighbor exchange interactions and assume that the R-T exchange coupling is spatially isotropic, 6, 19 the microscopic R-T exchange-coupling constant, J RT , is related to the macroscopic intersublattice molecular-field coefficient n RT via the following expression:
where N T = 17 is the number of T ͑Fe and Mn͒ atoms per formula unit and Z RT = 19 is the number of T neighbors of an R atom. 6 The values of J RT in Dy 2 Fe 17−x Mn x were derived to be −8.68, −9.41 and −9.48 K for x = 3, 4, and 5 respectively. 40 taking into account the orientation of the iron magnetic moments, the correlation between the iron isomer shifts and the Wigner-Seitz cell volumes, and the correlation between the hyperfine fields and the number of iron near neighbors. As there are four different crystallographic sites for Fe in both the hexagonal-and rhombohedral-type R 2 Fe 17 compounds, 40 the observed spectrum must be a superposition of at least four sextets. Point-charge calculations showed that under the combined effects of the dipolar field and the quadrupole interaction, only the dumbbell 4f ͑6c͒ sites remain equivalent since the angle between the hyperfine field and the electric-field-gradient tensor is zero. The hyperfine parameters are different at various crystallographically inequivalent sites. 41 This leads to a total of seven subspectra: 4f ͑6c͒, 6g1 ͑9d1͒, 6g2 ͑9d2͒, 12j1 ͑18f1͒, 12j2 ͑18f2͒, 12k1 ͑18h1͒, and 12k2 ͑18h2͒ with intensity ratios 4 ͑6͒:4 ͑6͒:2 ͑3͒:8 ͑12͒:4 ͑6͒:8 ͑12͒:4 ͑6͒ corresponding to the site occupancies of Fe atoms in the crystal structure of R 2 Fe 17 with planar anisotropy. In the present study, due to the large number of sextets, some constraints were adopted during the process of fitting. The intensities of the six absorption lines of each sextets were assumed to follow the 3:2:1 intensity ratio expected for randomly oriented powder samples in zero magnetic field and a single common linewidth was assumed for all the seven sextets. The isomer shifts for the magnetically inequivalent sites were constrained to be the same, whereas the hyperfine fields are expected to be slightly different at pairs of magnetically inequivalent sites as a result of variations in the dipolar and orbital contributions to the magnetic hyperfine fields. Because the Mn atoms preferentially occupy a particular iron site 11, 12, 16 3 , respectively. The assignments of the subspectra were performed by taking into account the nearest-neighbor environment of each respective site and the Fe-Fe distances. 40, 41 The hyperfine field sequences 4f ͑6c͒ Ͼ 6g ͑9d͒ Ͼ 12j ͑18f͒ Ͼ 12k ͑18h͒ have been observed to be similar to the sequence observed in other R 2 Fe 17 compounds. 40, 41 As shown in Fig. 9 , the temperature dependence of the average hyperfine field for Dy 2 Fe 16 Mn 1 can be well fitted by the equation 42 ,43
͑4͒
The value of the hyperfine field at 5 K has been taken as B hf ͑0͒ and the fitted value of the constant b is 0.58. The temperature dependence of the hyperfine fields for ErFe 12 44 The T 2 dependence of the hyperfine fields in the present series of compounds suggests that single-particle excitations may be responsible for suppressing the 3d-sublattice magnetization with increasing temperature. The correlation between the 57 Fe isomer shift ␦ and the WSC volume available to the iron atoms in R 2 Fe 17 and RFe 11 Ti and their interstitial compounds has proved to be very successful in delineating the electronic structure of these compounds. 40, 41, 44 Given the lack of detailed information on the structural and positional parameters for Dy 2 temperatures; this agrees with the relationship between the isomer shift and the WSC volumes ͑the larger the WSC volume, the larger the isomer shift ␦͒. Moreover, the 6c ͑4f͒, 18f ͑12j͒, 18h ͑12k͒, and 9d ͑6 g͒ sites and the site-averaged isomer shift increase with decreasing temperature.
IV. CONCLUSIONS
A positive spontaneous magnetostriction has been found below the ordering temperature for Dy 2 Fe 17−x Mn x compounds for x =0-5 ͑Fig. 2͒. This strong magnetovolume effect leads to a slight maximum around x = 0.5 of the composition dependence of the unit-cell volume at room temperature ͑Fig. 1͒. The invarlike effect evident around room temperature in Dy 2 Fe 17−x Mn x compounds can account for the nonmonotonic composition dependence of the lattice parameters at room temperature compared with other R 2 Co 17−x Mn x and R 2 Fe 17−x M x systems ͑M = Al, Ga, and Si͒. The 3d-sublattice magnetization in Dy 2 Fe 17−x Mn x decreases monotonically with increasing the Mn content ͑Fig. 5͒. The Curie temperature remains essentially unchanged at low Mn doping rates but rapidly decreases with further increase of the Mn content. This variation can be explained in terms of the composition dependence of the 3d-sublattice magnetization and the strength of the T-T interaction. The compounds with x ഛ 1.0 show pronounced magnetic history effects which are ascribed to the presence of narrow domain walls. 46 The observed T 2 dependence of the 57 Fe hyperfine field for Dy 2 Fe 16 Mn 1 indicates that the reduction of the Fe-sublattice magnetization observed when the temperature increases is associated with a single-particle excitation mechanism. The average hyperfine fields at 5 K decrease with increasing Mn content with the hyperfine fields in the individual sites behaving as 4f ͑6c͒ Ͼ 6g ͑9d͒ Ͼ 12j ͑18f͒ Ͼ 12k ͑18h͒.
